Introduction
Polyacrylonitrile (PAN) fibers differ in chemical structure from other synthetic fibers. They are produced from two-or threecomponent copolymers [1] [2] [3] , which contain -in addition to acrylonitrile -small quantities of monomeric units of other comonomers, e.g., itaconic acid, vinyl acetate, methyl acrylate, and sodium allylsulfonate, which improve their mechanical properties and dyeability [4, 5] .
PAN fibers are also characterized by a clear structural porosity that results from the presence of macromolecular bundles, such as fibrils and aggregates of globular macromolecules, as well as pores (empty spaces), in their morphological structure. The sizes of the fibrils and the pores in a fiber depend on the conditions of its formation and the chemical constitution of the fiber matter [6] [7] [8] [9] [10] . Moreover, the fibers are characterized by a low internal orientation and a lack of typical crystalline structure.
The molecular structure of PAN and the diversity of the PAN fiber in terms of its chemical structure are reflected during the specific thermal reconstruction of the material of these fibers through many chemical processes (destruction, cross-linking, and cyclization). The thermal transformation of PAN fibers has become the object of numerous studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ; however, it has not yet been fully explained due to the fact that the treatment of these fibers under industrial conditions is carried out in various heating media, which affects the mechanism and chemical reconstruction of the polymer, as well as the physical microstructure of the fiber.
The available literature concerning the thermal reconstruction of PAN fibers is mainly devoted to changes occurring in the fiber during the high-temperature treatment connected with making carbon and high-performance fibers [21] [22] [23] [24] [25] [26] [27] . Insufficiently explained are the problems of structural changes in the material of the PAN fiber upon thermal treatment and the used production conditions for fibers with different initial chemical constitutions, which in turn are directly connected with the modification of the properties of the fibers designed for textiles.
Thermal treatment of textile-oriented fibers carried out during the manufacturing process, the processing of these fibers into the final product, improvement, and finishing, as well as their use, result -as a rule -in changes in their molecular and supramolecular structures and, thereby, in changes in their properties; the range and mechanism of these changes depend on the temperature, heating time, and medium, as well as the fiber's dynamic state [28] [29] [30] .
The aim of the present study was to assess the range and mechanism of transformation of the molecular structure of PAN fibers having different initial chemical structures (produced by various manufacturers), as well as assessing their physical microstructure, under the influence of various thermal treatment conditions applied in industrial practice.
The result will establish the basis for deciphering the effects related to changes in, as well as enable the optimization of, the fiber properties, especially the mechanical properties and the dyestuff sorption ability.
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• Interferential polarization microscopy for the determination of the fiber's optical birefringence as a basis for the assessment of changes in the fiber's general orientation; and • Wide-angle X-ray diffraction method for the selected variants, to confirm the changes in the content of ordered material in fibers.
Fourier transform IR (FTIR) spectroscopic
measurements of the fiber's molecular and supramolecular structures FTIR spectroscopic measurements were carried out using isotropic fibrous specimens in the form of tablets [33, 34] . FTIR absorption spectroscopy was used to obtain the spectra of the tablet specimens [35, 36] , recorded using the expression A = f(1/l) (FTIR 8101M spectrophotometer; Shimadzu, Tokyo, Japan). The graphic processing of the spectrograms obtained was carried out using the software ACD/Labs Spec Manager, version 4.60.
The spectra obtained constituted the basis for the determination of the absorbance A of the selected bands, whose values were used to interpret the changes in the fiber's molecular structure.
Based on the IR absorption spectra of the fibers, the values of the paracrystallinity factor were also determined [37] , relating the band of molecular order with a wave number of ~775 cm -1 [38] 
Conditions of the thermal treatment of fiber
The most popular conditions of thermal treatment used in the manufacturing processes of the fibers were applied in the current investigations by varying the temperature, heating time, and medium (water, steam, and air). The thermal treatment program is presented in 
Descriptions of the instrumental methods used
Various measurement methods were used to assess changes in the selected parameters of molecular and supramolecular structures. Thus, changes in the molecular structure were assessed by the following methods:
• Infrared (IR) absorption spectroscopy and • measurement of critical dissolution time (CDT) of fiber in a selected solvent to assess changes in the molecular cohesion energy of the fiber material.
Furthermore, changes in the fiber's physical microstructure were analyzed using the following methods: [42, 43] .
During measurement, the tested fiber was placed in different immersion fluids that showed refraction indexes according to the following dependences:
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where: d -fiber thickness, and l -wavelength of light.
Liquids with refraction indexes n c1 = 1.5049 and n c2 = 1.5308 were used for the measurements. The magnification of the microscope lens was 10×. The wavelength of light used was l = 546 nm. The fiber's directional refraction coefficients were calculated from the following expression:
where: n c1 -refraction coefficient of Liquid 1, n c2 -refraction coefficient of Liquid 2, │Dp 1 │ = (│p 1 -p 2 │/2) 1 -prism travel quantity determined for Liquid 1, │Dp 2 │ = (│p 1 -p 2 │/2) 2 -prism travel quantity determined for Liquid.2.
The average values of optical birefringence were used to calculate the optical birefringence corrected in terms of density according to the following formula:
which was used as an index that characterizes the overall fiber orientation [44] , with Dn being the fiber optical birefringence and d, the fiber density determined by the densitometric method.
Measurement of the content of ordered (paracrystalline) fiber material using X-ray diffractometry
The measurements were made with an X'Pert PRO diffractometer (PANalytical) with the use of CuKa rays (l = 0.154 nm) and the following parameters of tube operation: accelerating voltage 40 kV; intensity of anode current 30 mA. A semiconductor X'Celerator was used as the detector.
band at ~1,073 cm -1 was used as the internal standard band. The paracrystallinity factor was calculated using the following equation:
where A 775 and A 1,073 represent the absorbances of the bands at ~775 cm -1 and ~1,073 cm -1 , respectively.
Examination of the fiber's molecular cohesion based on assessment of CDT of fiber
Changes in the fiber's molecular cohesion were assessed by microscopic observation of the fiber's dissolution in N,Ndimethylformamide (DMF). Measurements were carried out at a constant temperature (50°C) using a microscope with a heated table (Böethius). The preparation containing a single elementary fiber was placed on the microscope table heated up to a temperature of 50°C for 3 min. Then, a drop of the solvent with a temperature of 50°C was added (initial point of measuring the dissolution time). The disappearance of the fiber image was accepted as the end of the fiber dissolution [39] . For each measurement variant, 10 measurements were made to calculate the average fiber dissolution time.
The measurement of the content of ordered (paracrystalline) PAN fiber material was made on the basis of the paracrystallinity theory of Lindenmeyer and Hosemann [40] .
The relationship between the real density and the crystallinity degree of the fiber mass [39] was determined on the basis of the following equation:
A A xIR For the determination of the fiber's paracrystallinity degree according to the above equation, the following values were used: d kr = 1.262 g/cm 3 and d a = 1.110 g/cm 3 [41] .
The measurement of the fiber's real density, indispensable for the determination of the paracrystallinity degree, was made by the flotation method using a gradient column maintained at a temperature of 25°C, with five determinations of the d value for each variant.
Measurement of the fiber's overall orientation by the optical method (split image technique)
The fiber optical birefringence parameters were determined by measuring the directional light refraction coefficients in the fiber Figures 2, 3, and 4 ; the changes related to a decrease or an increase in the absorbance of the characteristic absorption bands, or the appearance of new bands, were used as indication of the molecular reconstruction of the fibers investigated.
The diffraction patterns of powder samples with the same weight (300 mg) were recorded within the range of 2θ=5°-60°, with a step of 0.016°.
The analysis of diffraction patterns was performed using Hindeleh-Johnson's method [45] [46] [47] . In accordance with this method, the theoretical curve is a sum of the peaks corresponding to 1) the diffraction in the crystalline areas and 2) dissipation in the amorphous areas and the curve describing the background.
The determination of the fiber's crystalline phase (crystallinity degree) by wide-angle X-ray scattering (WAXS) measurement requires one to separate the diffraction pattern obtained into components corresponding to the scattering of X-rays in the amorphous and crystalline areas of the polymer. The next step is calculation of the areas under the curves obtained, A a and A c , respectively. The crystallinity degree X C was determined using the following formula: The analysis of the spectrograms obtained by FTIR in the form of absorbance values of the characteristic absorption bands (775 cm -1 , ~1,073 cm -1 , and ~1,649 cm -1 ) for the fibers investigated (Nitron fibers, Crumeron fibers, and Aksa fibers) is presented in Table 3 A, B, and C, respectively.
Measurement results of the molecular structure of fiber by the CDT method
Changes in the molecular coherence of the fiber material are illustrated in Figure 5 A, B, and C on the basis of changes in the values of CDT of the thermally treated fibers as a function of time.
Measurement results of the content of the paracrystalline material in the fiber by the densitometric method
Measurement results of changes in the content of paracrystalline material in the fibers investigated under the influence of thermal treatment for various periods of time are shown in Figure 6 A, B, and C.
Content of ordered material of fiber measured by IR absorption spectroscopy
Measurement results of changes in the content of paracrystalline material in the fibers investigated under the influence of thermal treatment for various periods of time are illustrated in Figure 7 A, B, and C.
Changes in the overall orientation of fibers measured by the optical method
Measurement results of changes in the overall orientation of the fibers investigated (in the form of changes in corrected optical birefringence) under the influence of thermal treatment for various periods of time are illustrated in Figure 8 A and B. 
Content of the ordered material of fiber assessed by the X-ray method
Measurement results of changes in the content of paracrystalline material for the selected variants of thermal treatment for Nitron and Crumeron fibers in relation to untreated fibers are presented in Table 6 . 
Discussion and interpretation of results

Changes in the molecular structure of the fibers investigated
Analyzing the absorption spectra of the fibers investigated (examples in Figures 2, 3 , and 4), one can observe -in the case of Aksa, Crumeron, and Nitron fibers -after thermal treatment at >120°C for a longer time, the appearance of an absorption band at a wavelength of ~1,649 cm -1 . This band may be ascribed to the vibration of C=C bonds [40] , which according to data reported in a previous paper [14] , occurs as the effect of thermal reconstruction of PAN macromolecules.
Their presence is shown in the yellow or brown color of the fiber as the reaction advances.
Taking into account the above fact related to the necessity of maintaining the esthetic values of the PAN fibers of the textile at the unchanged level (white color), all the processes of their thermal treatment should not be carried out under extremely drastic conditions, i.e., at excessively high temperature and for prolonged treatment times. The selection of the medium for thermal treatment is also of importance.
The analysis of the fiber absorption spectra in the aspect of changes in absorption values and characteristic absorption bands does not indicate particular differences in values before and after thermal treatment. This indicates the stability of the chemical constitution of the side groups in the comonomers, determining the fiber sorption capability in relation to, e.g., dyes, under the accepted conditions of preliminary thermal treatment of fibers (stabilization).
The changes in the fiber molecular coherence, found in the investigations, expressed by the value of CDT, should be considered in terms of the previously mentioned changes in the molecular structure of the PAN macromolecular chain (structure stiffening), combined with changes in the molecular structure, expressed by both changes in the content of paracrystalline material and its stability -resulting from the degree of its perfectness and the overall supramolecular structure -specific for PAN fibers.
Because of the presence of one type of comonomer in the macromolecules forming Aksa fibers and its smallest content in relation to the materials of the other two PAN fibers, this fiber is characterized by the strongest intermolecular interaction, as confirmed by the longest CDT.
The thermal treatment of the fiber at the highest temperature in air, due to the intensive reorientation process (Figure 8 ), leads to a decrease in the CDT value within 2 minutes to the value of CDT comparable to that of other fibers, for which practically no changes in CDT are observed upon heating in air over the whole time range.
The process of the thermal treatment of fiber in steam at a temperature of 134°C results in a clear increase in the molecular coherence of the fiber material to a level practically comparable with that of the shortest treatment time. This probably results from the intensive relative ordering of macromolecules in their paracrystalline material in the presence of water molecules (removing existing defects) and a decrease in the degree of fiber porosity.
The thermal treatment of fibers in water at the lowest temperature practically yields no changes in their molecular coherence because of the very weak thermal stimulus that is inactive in the restructuring of both the paracrystalline material and the overall supramolecular structure.
Changes in the fiber's supramolecular structure
Changes in the content of the fiber's paracrystalline material
The results of measurements obtained by various methods indicate small changes in the content of paracrystalline material in the investigated fibers under the influence of the thermal treatment variants. From a comparison of the measurement results of the fiber's paracrystallinity parameters (x m , x IR , and X C ), it follows that the initial fibers show some differences in their values. The highest differences in these values occur in the case of the assessment by the spectrophotometric method, which may be connected with the different levels of relative perfection of the macromolecule order in the material of these Analyzing the results in terms of differences concerning initial fibers, one may conclude that IR absorption spectroscopy shows the highest sensitivity in determining differences and changes in the ordered material of PAN fibers.
Changes in the overall orientation of PAN fibers
The measurement results of changes in the overall orientation index of the fiber indicate a decrease in the index with increase in the treatment time in the case of all the temperature variants and the treatment media used. The highest decrease in the values involve the Aksa fibers during the treatment in air, which -as was already mentioned during the analysis of changes in CTD -can be related with the lowest perfectness level of the relative mutual order of macromolecules in the fiber's paracrystalline material, with a simultaneously minimized degree of fiber porosity.
Conclusions
The thermal treatment of PAN fibers with different molecular structures results in changes in both their molecular and supramolecular structures. The character and range of these changes do not show any significant relation with the differences in their initial structure. The essence of changes is directly connected with the chemical reconstruction of the acrylonitrile monomeric unit, which becomes apparent in the formation of -C=C-bonds, and intensifies with increasing temperature and duration of thermal treatment. This restructuring leads to the appearance of fiber color and significant changes in the molecular coherence of the fiber material. These changes are accompanied by changes in the fiber's supramolecular structure, shown by a small decrease in the content of fiber paracrystalline material and the stabilization of its value with prolongation of the thermal treatment. No significant effect of the type of treatment medium on changes in the content of the fiber's paracrystalline material is observed.
Analyzing the changes of supramolecular fiber structure, a distinct decrease in the overall orientation index to various extents was observed for the fibers investigated, which intensified with the prolongation of thermal treatment regardless of the treatment medium used.
One may assume that the observed changes in both the molecular and supramolecular structures result in a definite change in the fiber's properties, especially mechanical and absorption properties, e.g., in relation to dyes. Taking into consideration the visual aspect connected with a change in the fiber color, which may be of importance in the case of dyeing fibers with bright or weak colors, the most appropriate solution to the problem of thermal stabilization of PAN fibers under industrial condition is short-duration treatment in the medium of steam at a temperature of about 130°C
